The TOM complex is the main entry gate for protein precursors from the cytosol into mitochondria. We have determined the structure of the TOM core complex by cryoelectron microscopy (cryo-EM). The complex is a 148 kDa symmetrical dimer of ten membrane protein subunits that create a shallow funnel on the cytoplasmic membrane surface. In the core of the dimer, the b-barrels of the Tom40 pore form two identical preprotein conduits. Each Tom40 pore is surrounded by the transmembrane segments of the a-helical subunits Tom5, Tom6, and Tom7. Tom22, the central preprotein receptor, connects the two Tom40 pores at the dimer interface. Our structure offers detailed insights into the molecular architecture of the mitochondrial preprotein import machinery.
INTRODUCTION
The translocase of the outer mitochondrial membrane (TOM complex) is the main entry gate for nuclear-encoded mitochondrial proteins into mitochondria. TOM binds and coordinates the transfer of 1,000 (yeast) to 1,500 (human) different proteins that have a mitochondrial target sequence (Schmidt et al., 2010) . TOM mediates the transfer of preproteins from the cytosol to the outer and inner mitochondrial membrane protein translocation systems, including the sorting and assembly machinery SAM, the translocases of the inner membrane TIM22 and TIM23, and the mitochondrial intermembrane space import and assembly machinery MIA (Opali nska and Meisinger, 2015) . In fungi and mammals, the TOM complex consists of seven components, the receptor proteins Tom70, Tom22, and Tom20, the protein-conducting channel protein Tom40, and three smaller proteins, Tom7, Tom6, and Tom5 (Chacinska et al., 2009) . The TOM core complex (TOM-CC) lacks Tom70 and Tom20 and has a total molecular mass of $150 kDa (Mager et al., 2010) . It is widely assumed that Tom40 forms the pore through which most mitochondrial precursor proteins thread from the cytosol to the mitochondrial inter-membrane space (IMS) (Hill et al., 1998) . At the same time, Tom40 might act as an insertase that mediates lateral release of proteins into the outer mitochondrial membrane (Harner et al., 2011) .
Tom40 is predicted to be a b-barrel protein resembling the mitochondrial voltage-dependent anion channel (VDAC) and bacterial outer membrane porins (Gessmann et al., 2011) . The other protein subunits are predicted to be a-helical and to each span the outer membrane once (Neupert and Herrmann, 2007) .
Initial 3D maps at 20-30 Å resolution were obtained by negative-stain electron microscopy (EM) of the TOM complex from Neurospora crassa (Ahting et al., 1999) and by cryoelectron microscopy (cryo-EM) of the Saccharomyces cerevisiae complex (Model et al., 2008) . These early studies revealed two pores in the TOM core complex (TOM-CC) or three pores in the holocomplex. Other work has indicated that Tom22 acts not only as a mitochondrial preprotein receptor but also coordinates the assembly of the TOM complex (van Wilpe et al., 1999) . The transmembrane segment of Tom22 has been found to physically interact with Tom40 (Shiota et al., 2011) ; its cytosolic domain has been suggested to serve as a docking site for the receptors Tom20 and Tom70 (van Wilpe et al., 1999) .
Despite recent advances in examining the biological role of the individual subunits (Shiota et al., 2015) , the molecular architecture of the TOM complex and the structural basis of protein translocation into mitochondria are poorly understood. We report the structure of the TOM-CC of Neurospora crassa, consisting of subunits Tom40, Tom22, Tom7, Tom6, and Tom5 determined by cryo-EM. The structure reveals the molecular architecture of the complex and resolves all transmembrane segments involved in complex assembly. The structure indicates how the TOM-CC serves as a conduit for protein import in the outer mitochondrial membrane and suggests ways in which it interacts with other protein import receptors and machineries.
RESULTS AND DISCUSSION
Isolation and Structure Determination of TOM-CC TOM-CC was isolated from Neurospora crassa by means of a hexahistidine-Tag on the Tom22 subunit (Ahting et al., 1999) . The complex was purified from solubilized mitochondrial membranes by metal ion affinity and ion exchange chromatography in the detergent DDM. Some preparations were subsequently transferred into non-ionic amphipols (NAPols) (Watkinson et al., 2015) . Single-particle cryo-EM of TOM-CC in DDM or NAPols resulted in indistinguishable 3D maps. Both datasets were therefore merged into a single map (Figure 1 ) that was refined to 6.8 Å resolution ( Figure S1D ). The detergent or amphipol belt was less pronounced than in the unmerged maps, and protein features were significantly clearer. The two datasets did not separate during image processing, indicating the amphipol does not change the conformation of the complex significantly.
The N. crassa TOM-CC is a symmetrical dimer (Figures1A-1C) with overall dimensions of 130 Å by 100 Å ( Figure 1C ) and a total height of 90 Å ( Figure 1D ). The protein subunits are readily distinguished ( Figures 1B-1D ). The dimer is almost entirely embedded in the lipid bilayer of the outer mitochondrial membrane, delineated by the detergent belt ( Figure 1A ). The fact that TOM-CC has only minor membrane-extrinsic protein domains, combined with its comparably small size (148 kDa), hinders efficient particle alignment and limited the attainable resolution. The isolated complex appears to be flexible and unstable, as evidenced by the absence of distinct conformational states during particle classification. By collecting a large number of particle images (1.1 million), of which we selected $92,000 with clear features, we were nevertheless able to determine the structure of TOM-CC at 6.8 Å resolution. Figure 1C shows two pores in the dimer, each with a shortest diameter of 11 Å and a longest diameter of 32 Å ( Figure 1D ). Previous estimates of the average TOM pore size of 22 Å (Hill et al., 1998) are in good agreement with our map. A sectional view ( Figure 1D ) indicates that the two pores in the dimer are not parallel but tilted, each by 20 relative to the 2-fold axis of the complex.
Two Tom40 b-Barrel Pores
The two pores in the map are channels of roughly elliptical cross section, characteristic of pore-forming b-barrels in bacterial outer membrane porins (Nikaido, 2003) or VDAC (Colombini, 2012) , which work as non-specific aqueous membrane pores. A homology model, based on the X-ray structure of murine VDAC1 (Ujwal et al., 2008) predicts that Tom40 forms a 19-strand b-barrel (Gessmann et al., 2011; Lackey et al., 2014) . The Tom40 homology model fitted the map density around the pores remarkably well. Rigidbody docking resulted in a high correlation factor of 0.82. The close fit of the Tom40 model determined the orientation of the complex within the outer mitochondrial membrane unambiguously. The 19 predicted b strands of the model agree with the pore diameter and dimensions (Figures 2A and 2B ). Minor adjustment of the long b-hairpin loops on the cytosolic side ( Figure 2C ) and the short b-turns on the IMS side ( Figure 2E ) of the Tom40 model resulted in an excellent fit. The precision to which atomic models can be fitted to an experimental cryo-EM map is $10-fold higher than the nominal map resolution (Rossmann, 2000) . On this basis, the features of the Tom40 homology model can be fitted to the 6.8 Å map with an expected accuracy of $1 Å . Even though the model is not the real structure, the closeness of the fit and the details of the map features leave little room for misinterpretation. At this stage, we can, however, not be certain about details such as side-chain orientation, the exact number and orientation of hydrogen bonds in the barrel, or the register of beta strands.
The ten-residue loop between b strands 14 and 15 appears to form a distinct domain on the cytosolic side ( Figure 2B ). Due to the 20 tilt of the two b-barrels toward the 2-fold axis of the dimer, the two Tom40 monomers are in contact only at their cytoplasmic edges in the center of the complex ( Figure 2B ). Consequently, the TOM-CC creates a shallow pit in the cytoplasmic membrane surface ( Figure 1B ) that might favor the docking of chaperones or ribosomes to facilitate post-or co-translational protein translocation. Co-translational protein import into mitochondria seems to involve OM14, an outer membrane protein (Lesnik et al., 2014 ) that may associate with the TOM-CC.
A helical segment of Tom40 (residues 44-61) that is part of the homology model and predicted to extend into the b-barrel (Gessmann et al., 2011) fits well into a curved, rod-shaped density within the pore (Figures 2A and 2D ). In our fitted map, this internal helix interacts closely with b strands 13 and 14, in line with crosslinking data (Qiu et al., 2013) . The internal helix appears to stabilize the barrel, as is the case with other large transmembrane porins (Naveed et al., 2009) , and it restricts the inner pore diameter, which would hinder the unspecific passage of molecules beyond a certain size through the membrane.
The point of contact between the two Tom40 subunits on the cytoplasmic side is located at the position where b strands 1 and 19 form a seam that seals each barrel. In addition, strand 19 seems to interact with the loop between strands 2 and 3 of the other barrel ( Figure 2F ). The seam is 23 Å long (Figures 3A and 3B) , accounting for five to seven inter-strand hydrogen bonds ( Figure 3B ). In the Tom40 model, strands 1 to 18 have antiparallel b sheet geometry, whereas strands 1 and 19 are parallel. The vast majority of cytoplasmically produced mitochondrial proteins are likely to pass through the Tom40 pore. For a-helical outer membrane proteins, two possible insertion mechanisms have been discussed. Either the b-barrel splits to release the protein into the lipid bilayer (Harner et al., 2011) , or the protein interacts with the TOM complex and then inserts into the membrane along its side without passing through the pore (Ahting et al., 2005) . Although the seam might be the weakest point in the barrel, the separation of antiparallel b strands in the hydrophobic membrane environment would be energetically costly. Moreover, our structure indicates that lateral protein release would require a major rearrangement of other, helical TOM-CC subunits. A mechanism of lateral membrane insertion that does not require a split of the b-barrel is therefore more likely.
The Functionally Important N and C Termini of Tom40
The map shows two short horizontal densities near the N and C termini of Tom40, which we assign to 18 N-terminal and 20 C-ter- minal residues that are both not part of the homology model (Figures 2D and 2E) . Secondary structure prediction (Figure S2A) suggests that these stretches are mostly or entirely a-helical. Residues 18-35 at the N terminus are predicted to form an amphipathic a helix. This stretch was fitted to a bent, rod-shaped density that precedes the restricting helix in the barrel and extends away from the TOM-CC dimer on the IMS side into the inner leaflet of the outer membrane (N-Tom40 in Figure 2B and 2D). It is known that the N terminus of Tom40 interacts with Tom5 (Dietmeier et al., 1997) and Tim10 (Shiota et al., 2015) . The N-terminal extension of Tom40 may thus, together with Tom5, recruit chaperones such as the Tim9-Tim10-complex (Vasiljev et al., 2004) to the edge of the TOM-CC on the IMS side. From there, the translocated preproteins would be transferred to the import machineries TIM22 or TIM23 of the inner mitochondrial membrane.
The elongated map density near the C-terminal end of b strand 19 accommodates the last 20 residues of Tom40, which are predicted to form a short a helix with a subsequent loop ( Figure S2A ). This C-terminal helix is absent in the murine VDAC1 (Ujwal et al., 2008) . We generated a model for the complete C-terminal tail of Tom40, which fits the map well (Tom40-C in Figures 2B and 2E ). The C-terminal a helix is continuous with b strand 19 and an extended polypeptide that interacts with the restricting pore helix through b strand 4, which is part of a hydrophobic patch on the inside barrel wall (Gessmann et al., 2011) . The C terminus of Tom40 thus extends into the pore, consistent with its reported involvement in protein import (O'Rourke, 2007; Keil et al., 1996) . In its position, the C terminus may be instrumental for threading preproteins through the Tom40 b-barrel. The pattern of polar and hydrophobic patches on the inner barrel surface (Gessmann et al., 2011 ) may help to maintain the unfolded state of preproteins passing through the pore.
Two Copies of Tom22 Connect the Tom40 Protomers
Tom22 recognizes preproteins and conducts them from the cytosol through the Tom40 pore into the IMS (van Wilpe et al., 1999; Bolliger et al., 1995) . To perform these functions, soluble domains of Tom22, connected by a single transmembrane helix (TMH), are expected on both sides of the membrane (Walther and Rapaport, 2009) . Laser-induced liquid bead ion desorption (LILBID) mass spectrometry of TOM-CC (Mager et al., 2010) has shown that two copies of Tom22 interact with two Tom40 subunits simultaneously. Two striking, rod-like, slightly bent densities, each in total 75 Å long, are wedged between the two Tom40 barrels in the TOM-CC map ( Figure 1B ) and protrude 20 Å into the IMS ( Figure 3A ), crossing each other at an angle of 36 ( Figure 1D ). We can confidently assign these densities to the transmembrane helices of Tom22 (blue in Figure 4 ). The two copies of Tom22 interact closely with strands 1-3 of one Tom40 protomer and with strands 16-19 of the other ( Figure 3C ), in excellent agreement with crosslinking studies (Shiota et al., 2015) . Because the two Tom40 protomers do not share a large interface, Tom22 appears to be the key stabilizing factor in the dimeric pore complex. This would explain why Tom22 is critical for the stability of TOM-CC, which in turn is essential for viability and why its deletion is lethal (van Wilpe et al., 1999; Hö nlinger et al., 1995) .
The helices of the two Tom22 subunits extend into the detergent belt on the cytosolic side ( Figures 3C and 4) , indicating that they insert into the outer leaflet of the outer membrane. This is likely to be the N-terminal domain of the subunit (N-Tom22 in Figure 4B ), which is known to be highly negatively charged (Nargang et al., 1998) . N-Tom22 has been shown to serve as a receptor for incoming proteins (Bolliger et al., 1995) . N-Tom22 is also the central interaction site for Sam50 and (Shiota et al., 2015) are blue. (D) Residues that crosslink to Tom5 (Shiota et al., 2015) are red.
Sam37 (Qiu et al., 2013; Wenz et al., 2015) . Sam 37 and Sam50 link TOM and SAM into a supercomplex that facilitates transfer of b-barrel precursors into the mitochondrial outer membrane. The sequence of Tom22 indicates that its N-terminal part has a molecular mass of 9.8 kDa (residues 1-84), but a density corresponding to a receptor domain of this size is not apparent in the map. We assume that the domain is unstructured, because mass spectrometry ( Figure S3 ) and biochemical analysis ( Figure S1C ) indicate that the subunit is not proteolyzed. Owing to its many negatively charged residues, the receptor domain is likely to be intrinsically disordered (Mü ller-Spä th et al., 2010). Charge complementarity would favor its interaction with the positive charges of the mitochondrial target sequence.
The C-terminal ends of Tom22 protrude on the IMS side in the center of the dimer at the 2-fold symmetry axis (Tom22-C in Figure 4C) . Whereas the N terminus of Tom22 recognizes incoming preproteins on the cytosolic side (Nargang et al., 1998) , the C-terminal soluble domain in the IMS is thought to conduct the incoming preprotein to the other mitochondrial protein import machineries (Moczko et al., 1997) . We suggest that preproteins passing through the Tom40 pore are recognized by the central C-terminal IMS domain of Tom22. At the same time, this domain may serve as a contact site for the TIM23 complex, in particular for Tim21, as has been suggested (Waegemann et al., 2015; Kutik et al., 2007) . Interestingly, the inner membrane translocase TIM22 is likewise a twin-pore complex (Rehling et al., 2003) , which might dock to TOM-CC on the IMS side, forming a twin-pore supercomplex.
Small Tom Subunits Surround the Tom40 b-Barrel
Apart from the two TMHs of Tom22 that are wedged between the Tom40 barrels, the map shows six additional, shorter TMH densities around the pore-forming Tom40 subunits ( Figures 1B and  1C) . Two of these are 55 Å long and essentially straight, running more or less perpendicular to the membrane on the perimeter of the complex. Another two are L-shaped, and two more are very roughly Z-shaped. The distance between the TMH centers to the wall of the Tom40 barrel is 10 Å , as expected for hydrophobic a helices in a lipid bilayer. Our mass spectrometry analyses (Figure S3A) show that the complex contains three different protein subunits with masses of 5.46 kDa for Tom5, 6.06 kDa for Tom7, and 6.33 kDa for Tom6. Taking into account recent crosslinking studies of the yeast TOM complex (Shiota et al., 2011 (Shiota et al., , 2015 , biochemical data on Tom5 (Dietmeier et al., 1997; Schmitt et al., 2005) , Tom6, and Tom7 (Dembowski et al., 2001) , mutations of the N. crassa TOM complex (Sherman et al., 2005) , as well as secondary structure predictions (Jones, 1999; Tsirigos et al., 2015) (Figure S2B ), it is safe to assign the three transmembrane densities surrounding each Tom40 pore to the TMHs of single copies of the small subunits Tom5, Tom6, and Tom7 (Figure 4) .
Crosslinking indicates that Tom5 interacts with b strands 10 and 11 of Tom40 next to Tom20 on the cytosolic side (Shiota et al., 2015) (Figure 3D ), which fits the position of the straight, 55 Å -TMH ( Figure 4B ). Therefore, this density belongs to Tom5 (Figure 4 , colored in red). Tom5 has a TMH at its C-terminal end ( Figure S2B ) and it has been shown that its negatively charged N terminus interacts with preproteins (Dietmeier et al., 1997) . In our structure, the N-terminal end of Tom5 appears to form a cytosolic domain with the long b-hairpin loop between strands 10 and 11 ( Figures 2C and 3D ). This domain may serve as a docking platform for incoming preproteins at the distal ends of the dimeric complex on the cytosolic side. The N terminus of Tom40 has been reported to interact with Tom5 (Dietmeier et al., 1997) , in excellent agreement with our structure, which shows Tom5 to be close to the outer N-terminal helix of Tom40 ( Figure 4C ). Therefore, Tom5 seems to hold the N terminus of Tom40 (Tom40-N) in its position at the inner leaflet of the outer membrane (Schmitt et al., 2005) , stabilizing the complex further.
Tom6 and Tom7 are identified based on their predicted secondary structures ( Figure S2B ). The TMH of Tom6 is at its C terminus, whereas that of Tom7 is central in its sequence. The secondary structures match the shape of the two remaining, unassigned helix densities next to Tom40 in the cryo-EM map. We assign the L-shaped density (green in Figure 4C ) to Tom6. The branch of the L on the IMS side of the membrane therefore contains its N terminus that has been predicted to be partly helical. Tom6 is in close contact with the Tom40 barrel at b strands 13-15 within the membrane as well as with Tom22 on the IMS side. Thus, Tom6 stabilizes the interaction of Tom40 with Tom22 at the dimer interface (Sherman et al., 2005) . The location and role of Tom6 is supported by LILBID mass spectrometry of the native complex (Mager et al., 2010). Biochemical (Ahting et al., 2001 ) and chemical crosslinking (Shiota et al., 2015; Dembowski et al., 2001 ) indicate a direct contact between Tom6 and Tom22.
The remaining, roughly Z-shaped density (purple in Figure 4C ) is assigned to Tom7, which interacts with b strands 3-6 on the Tom40 barrel. Biochemical crosslinking indicates that the TMH of Tom7 is in close contact with Tom40 (Yamano et al., 2010) . Its 20 Å extensions on both sides appear to be short amphipathic helices on the inner and outer membrane surfaces, in good agreement with secondary structure predictions ( Figure S2B) . A direct interaction of Tom7 with the mitochondrial outer membrane b-barrel protein Mdm10 has been shown (Yamano et al., 2010; Ellenrieder et al., 2016) . Given that Tom40 and Mdm10 belong to the same family of eukaryotic porins (Flinner et al., 2013) , Tom7 may interact with Tom 40 and Mdm10 in similar ways.
Unlike Tom5, Tom6 and Tom7 have predicted amphipathic helices instead of soluble receptor domains on the membrane surface. They do not only stabilize the TOM-CC but also serve as specific contact sites within the membrane to recruit the receptor subunits Tom20 and Tom70 .
Comparison to the Yeast TOM Complex
We compared our 6.8 Å map of the N. crassa TOM-CC to cryo-EM maps of the yeast TOM at $20 Å resolution (Model et al., 2008) (Figure S4 ). The overall shape and dimensions of the two-pore yeast TOM complex ( Figure S4A ) agree well with our N. crassa structure, although the earlier map did not resolve any of the subunits. The position and size of the two pores are similar, as are the surface features on the cytosolic side of the membrane. The two IMS ends of Tom22 fit into a single, central low-resolution domain in the yeast complex. We conclude that this earlier map represents the yeast TOM-CC.
Comparing our structure of the N. crassa TOM-CC dimer with the three-pore complex from S. cerevisiae ( Figure S4B ), the overlap indicates fewer common features, suggesting a partial rearrangement of subunits during assembly of the three-pore complex. The pores have again the same size, but the cytosolic domains look different from those in the two-pore form. Moreover, the IMS domains of Tom22 do not fit well into the central protrusion of the three-pore complex. Because the three-pore form also contains Tom20 (Model et al., 2008) , the third pore may be formed by a third copy of Tom40 in the TOM holo-complex (Shiota et al., 2015) . It is interesting to note that a supercomplex of TOM and SAM has been described (Qiu et al., 2013; Wenz et al., 2015) . In this supercomplex, Tom22 interacts directly with Sam37 and Sam50. Sam50 is thought to be a b-barrel protein and may thus account for the third pore in the three-pore complex ( Figure S4B ).
Implications for Preprotein Translocation
Based on the close fit of two copies of the Tom40 homology model, the positions of two copies of Tom22, and the three smaller Tom subunits in our map, we propose the following mechanism for preprotein translocation ( Figure 5 ). As the central receptor in TOM-CC, Tom22 accepts preproteins from Tom20 and Tom70 on the cytosolic side of the membrane and guides them to either of the two Tom40 pores. The shallow cavity on the cytoplasmic side of the complex aids this process, and the availability of two identical pores favors efficient protein translocation. Subsequently, the auxiliary Tom5 subunit on the edge of the complex conducts the incoming polypeptide chain into the Tom40 barrel. The predicted pattern of polar and hydrophobic patches on the inner surface of the barrel (Gessmann et al., 2011) , together with the C terminus of Tom40, helps to thread the unfolded preprotein chain through the pore. Finally, the IMS domain of Tom22 in the center of the complex accepts the incoming preprotein and transfers it to the mitochondrial import machineries of the inner membrane.
STAR+METHODS
Detailed methods are provided in the online version of this paper and include the following: 
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Figure 5. Model of Preprotein Import through TOM-CC
Tom22 (blue), the central TOM-CC receptor, accepts the preprotein from Tom20 (pale blue) on the cytosolic side of the membrane. Together with the Tom5 subunit (red) on the edge of the complex, Tom20 guides the preprotein to either of the two b-barrel pores of Tom40 (yellow). The IMS domains of Tom22 in the center of the complex accept the incoming preprotein and transfer it to the mitochondrial import machineries of the inner membrane.
EXPERIMENTAL MODEL AND SUBJECT DETAILS TOM-CC expression and purification
The protein was expressed and purified from Neurospora crassa strain GR-107 with a C-terminal hexahistidine-tag on Tom22 as described (Ahting et al., 1999) . N. crassa mitochondria were solubilized at a protein concentration of 10 mg/ml in 1% (w/v) n-dodecyl-b-D-maltoside (DDM) (Glycon Biochemicals, Luckenwalde, Germany), 20% (v/v) glycerol, 300 mM NaCl, 20 mM imidazole, 20 mM Tris-HCl (pH 8.5), and 1 mM phenylmethyl sulfonyl fluoride (PMSF). After centrifugation at 130,000 x g, the clarified extract was filtered and loaded onto a nickel-nitrilotriacetic acid (Ni-NTA) column. The column was rinsed with the same buffer containing 0.1% (w/v) DDM to remove nonspecifically bound proteins, and TOM-CC was eluted with buffer containing 0.1% (w/v) DDM, 10% (v/v) glycerol, 20 mM Tris (pH 8.5), 1 mM PMSF and 300 mM imidazole. For further purification, TOM-CC fractions were pooled and loaded onto a Resource Q anion exchange column equilibrated with 20 mM HEPES (pH 7.2), 2% (v/v) dimethyl sulfoxide (DMSO) and 0.1% (w/v) DDM. TOM-CC was eluted with 0 -500 mM KCl. The purity of protein samples was assessed by sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE) and Coomassie Brilliant Blue staining ( Figure S1C ).
For cryo-EM the buffer was adjusted to 0.1% DDM, 20 mM HEPES (pH 7.2) and 50 mM KCl. The final protein concentration was about 1 mg/ml. In some preparations, the detergent was exchanged by non-ionic amphipols (NAPols) (Watkinson et al., 2015) using an amphipol-to-protein ratio of 5:1 (w/w). Detergent was removed by adding a-cyclodextrin to a molar cyclodextrin-to-detergent ratio of 4:1, followed by dialysis and dilution with detergent-free buffer.
METHOD DETAILS

Mass spectrometry
Purified TOM-CC in NApols was submitted to MS analysis as described (Kohlstaedt et al., 2016) . Briefly, the protein solutions were desalted using c 4 -ZipTips (Merck, Darmstadt, Germany), mixed in 1:1 with sDHB matrix solution (Bruker Daltonics, Bremen, Germany) and deposited on a ground steel MALDI target (Bruker, Germany). Spectra were acquired on an Autoflex III Smartbeam MALDI-ToF/ToF mass spectrometer in positive ion mode (linear configuration) in m/z ranges 5k-18k and 16k to 45k. For high-resolution measurements and acquisition of MS/MS spectra in the 4-8 kDa range, the samples were measured in a Bruker Rapiflex prototype ToF/ToF system in positive reflector mode with acquisition parameters optimized for the respective mass range. Protein calibration standards 1 and 2 (Bruker, Germany) were used for external, near-neighbor calibration. Data were evaluated using the Compass 1.4 suite (Bruker, Germany). Samples were processed as described (Xie et al., 2014) . Reduced and alkylated protein extracts were digested sequentially with Lys-C (8 M urea) and trypsin (2 M urea). Digested samples were desalted using ZipTips according to the manufacturer's instructions, dried in a Speed-Vac and stored at À20
C for LC/MS-MS analysis. Dried peptides were dissolved in 5% acetonitrile with 0.1% formic acid, and subsequently loaded using a nano-HPLC (Dionex U3000 RSLCnano) on reverse-phase columns (trapping column: particle size 3mm, C18, L = 20mm; analytical column: particle size < 2mm, C18, L = 50cm; PepMap, Dionex/Thermo Fisher Scientific). Peptides were eluted in gradients of water (buffer A: water with 5% v/v acetonitrile and 0.1% formic acid) and acetonitrile (buffer B: 20% v/v water and 80% v/v acetonitrile and 0.1% formic acid) . All LC-MS-grade solvents were purchased from Fluka. Gradients were ramped from 4% to 48% B in 120 min at flowrates of 300 nl/min. Peptides eluting from the column were ionised online using a Thermo nanoFlex ESI-source and analyzed in a Thermo Q Exactive Plus mass spectrometer or a Thermo Orbitrap Elite mass spectrometer. Mass spectra were acquired over the m/z range 350-1400 (Q Exactive Plus) or 350-1600 (Orbitrap Elite) and sequence information was acquired by computer-controlled, data-dependent automated switching to MS/MS mode using collision energies based on mass and charge state of the candidate ions.
Cryo-EM data acquisition Three ml of protein solution were applied to C-Flat 2/1 grids and vitrified using a Vitrobot (FEI, Hillsboro, Oregon). Micrographs (Figure S1A ) were recorded at a specimen temperature of 85 K in a JEOL JEM-3200FSC electron microscope with in-column energy filter (JEOL, Tokyo, Japan) at 300 kV and a nominal magnification of 30,000 x on a K2 Summit camera (Gatan, Pleasanton, California) in counting mode with a pixel size of 1.12 Å , at an electron flux of about 8 e -/px/s. Dose-fractionated movie frames were acquired with 0.2 s exposure time per frame. The total electron dose was $60 e -/Å 2 (1.5 e -/Å 2 /frame). The defocus range was 0.9 to 3.3 mm.
QUANTIFICATION AND STATISTICAL ANALYSIS
Mass spectrometry analysis Raw MS data were processed and analyzed with the Proteome Discoverer software package. Spectra were matched to the full uniprot.org database downloaded from uniprot.org (reviewed and non-reviewed, downloaded on 01/01/2017) and a contaminant and decoy database. Precursor mass tolerance was set to 4.5 ppm, fragment ion tolerance to 20 ppm, with fixed modification of Cys residues (carboxyamido-methylation +57.021) and variable modifications of Met residues (Ox +15.995), Lys residues (Acetyl +42.011) and of N-termini (acetylation +42.011 and carbamylation +43.006). Peptide identifications were calculated with e2 Cell 170, 693-700.e1-e3, August 10, 2017 FDR = 0.01, and proteins with one peptide per protein included in the subsequent analyses. Proteomics data associated with this manuscript have been uploaded to the PRIDE online repository (Vizcaíno et al., 2016) .
Cryo-EM image processing
Image data of the TOM-CC in in DDM or NAPols were at first processed separately and then merged, as both gave identical results. In total, 3838 micrographs (2291 for DDM and 1547 for NAPols) were processed. Initial global motion correction was performed with UNBLUR (Grant and Grigorieff, 2015) , followed by local motion correction with MotionCor2, in combination with a dose filter (1.5 e -/Å 2 /frame) to dampen the high-resolution signal in later frames (Zheng et al., 2017) . CTF parameters were estimated by applying CTFFIND4.1 to movie frames (Rohou and Grigorieff, 2015) .
Initially, particles on selected micrographs were picked manually in RELION 1.4 (Scheres, 2012) . 2D class averages ( Figure S1B ) then served as references for later autopicking with RELION 2.0, resulting in a total number of 1,512,036 extracted particles. All subsequent 2D and 3D classifications as well as 3D refinements were performed in RELION 2.0. The 20 Å cryo-EM map of the dimeric yeast TOM complex (Model et al., 2008) low-pass filtered to 40 Å was used as an initial model for 3D classification. C2 symmetry was applied during 3D classifications and refinements. Initial rounds of 2D and 3D classification yielded a cleaner dataset of 1,171,131 particles. The selected particles were re-centered and the box size was reduced to 182x182 pixels. Particles were re-centered again and further 3D-classified into 5 classes, of which one class containing 200,405 particles was selected for further processing. Subsequently, this class separated into 4 classes, of which the best single class of 92,144 structurally homogeneous particles with evenly distributed views was used for a final 3D refinement in RELION 2.0. The reconstruction from the previous round, low-pass filtered to 40 Å , was used as a reference. The final class contained 54,362 particles in DDM and 37,782 particles in NAPols that did not separate upon further rounds of classification.
The gold-standard resolution of the obtained reconstruction was determined by the RELION post-processing procedure to 6.8 Å (0.143 FSC) by comparing two independent unfiltered half-maps (Rosenthal and Henderson, 2003) (Figure S1D) . A B-factor of À486 Å 2 was applied. The local map resolution was determined in RELION 2.0 ( Figure S1F ).
Subsequent molecular graphics and analyses were performed with the UCSF Chimera package (Pettersen et al., 2004) .The final map was compared to the cryo-EM maps from Model et al. (2008) using the rigid-body fitting tool in Chimera.
Model fitting and subunit assignment
The final density map was segmented with Segger v1.9.4 in UCSF Chimera (Pettersen et al., 2004) . For assignment of the small helical proteins Tom5, Tom6 and Tom7, secondary structure prediction was performed with PSIPRED (Jones, 1999) and TMH prediction with TOPCONS (Tsirigos et al., 2015) .
The homology model for residues 36 to 329 of Tom40 (Gessmann et al., 2011) , based on the 2.3 Å crystal structure of murine VDAC1 (PDB: 3EMN) was fitted to the 6.8 Å map by rigid-body docking with UCSF Chimera (Pettersen et al., 2004) . The model was relaxed into the density with Rosetta (DiMaio et al., 2009) and its standalone version of Foldit (Cooper et al., 2010) using the density scoring term for a-carbon atoms. The secondary structure prediction tool PSIPRED (Jones, 1999) was used to add secondary structural elements of residues 19 to 35 and 330 to 349 of Tom40 to the homology model, which was then further refined into the density. The overall C a RMSD between the fitted, refined Tom40 model and original homology model was 2.7 Å .
DATA AND SOFTWARE AVAILABILITY
The mass spectrometry proteomics data generated and analyzed in this article and its supplementary information files have been deposited to the ProteomeXchange consortium via the PRIDE online repository with the dataset identifier PXD006827. The cryo-EM structure of the TOM-CC has been deposited in the EMDB under ID code 3761. The Tom40 model has been deposited in the PDB under ID code PDB: 5O8O. Raw cryo-EM data are available on request.
